ABSTRACT The quadrupole aerodynamic noise is a difficult problem in numerical simulation of the aerodynamic noise. The Kirchhoff-Ffowcs Williams and Hawkings (K-FWH) equation method and the three-dimensional compressible Large Eddy Simulation (LES) method are adopted in this manuscript for aerodynamic noise accuracy simulation of 600km/h high-speed train. The influence of different distributions of penetrable integral surfaces on the results of far-field aerodynamic noise is discussed. The optimum combination form of penetrable integral surfaces is obtained. The aerodynamic noise of high-speed train considering quadrupole can be calculated efficiently and accurately by using the upstream body surface and wake area penetrable integral surface as sound source surface. The wake area penetrable integral surface should contain the main vorticity structure of the wake as far as possible and the surface vorticity amplitude should be insignificant. The contribution rate of the dipole and quadrupole to the total aerodynamic noise energy of high-speed train is different. The aerodynamic noise energy of the upstream measurement points is mainly dipole aerodynamic noise energy, while that of the downstream measurement points is mainly dipole and quadrupole noise energy. The method proposed in this manuscript is of great significance in the aerodynamic noise numerical simulation of 600km/h high-speed train.
I. INTRODUCTION
New technologies applied to China's high-speed trains allows operational speeds up to 400 km/h, which up to 600 km/h are foreseen in the near future with the current research ongoing. However, the aerodynamic noise becomes one of the main limitations and challenges with the increase of running speed. When the speed of high-speed train is less than 350 km/h, the dipole aerodynamic noise is the main noise source, and the quadrupole aerodynamic noise can be neglected [1] - [11] . When the running speed of high-speed train is increased to 600 km/h (the corresponding Mach number is about 0.49), the impact effect in the windward zone, the separation flow strength in the streamlined shoulder zone of the head/tail car, the overflow strength on both sides of the bogie cabin and the mixing effect in the tail flow zone will become stronger. The quadrupole aerodynamic noise is produced when turbulent
The associate editor coordinating the review of this article and approving it for publication was Rosario Pecora. masses in space friction with each other or within themselves. It is generally believed that the quadrupole aerodynamic noise cannot be ignored when the incoming Mach number is greater than 0.3. As a result, the quadrupole noise around high-speed train becomes stronger, which makes the aerodynamic noise problem of high-speed train more complex.
Compared with the theoretical and experimental research, numerical simulation has the advantages of the short research cycle, low cost and abundant flow/sound field information, which becomes one of the main research methods. Quadrupole aerodynamic noise numerical simulation technology is widely used in aerospace engineering, but it is seldom used in the field of high-speed train. The technology for high-speed train is different from that for aerospace engineering due to the large slenderness ratio and ground effect.
The numerical simulation methods of aerodynamic noise can be divided into two categories: direct and indirect numerical simulation method [12] , [13] . Direct numerical simulation method is to solve the Navier-Stokes equation, the linear Euler equation or the acoustic disturbance equation directly, which does not rely on the acoustic model. The coupling relationship between vortices and potential flow, the formation of acoustic energy flow, the energy conversion in flow field and the sound production mechanism in airflow can be investigated based on the method [14] - [16] . This method requires refinement of the grid distribution to the level of dissipative scale, discrete format with low dissipation, low dispersion and high accuracy and appropriate acoustic nonreflective boundary conditions [17] - [19] . As a result, this method is limited in numerical simulation of engineering applications, such as the aerodynamic noise problem of highspeed train [20] , [21] .
The theoretical basis of the indirect numerical simulation method is Lighthill's acoustic analogy theory. The theory is a ''black box'' theory, which needs to know the flow-induced sound source in advance. The flow/sound field equation are artificially decoupled and the flow/sound field solutions are obtained by experimental or numerical methods. The method is widely used in engineering application, which is the main method for the aerodynamic noise simulation of high-speed train [1] - [11] .
According to the classical FW-H equation method [22] , the calculation of the quadrupole aerodynamic noise should not only accurately simulate the Lighthill stress caused by the friction between turbulent masses or the internal friction of turbulent masses in the surrounding space of highspeed trains, but also integrate the Lighthill stress in space. For the Lighthill stress accurate simulation, the generation, development and dissipation of turbulent masses in space are needed to capture in the flow field simulation, which leads to very stringent requirements on the turbulence model, computational grid, and discrete format of flow field simulation. The Lighthill stress volume integration process is relatively easy to implement for small-scale grids,, but difficult for large-scale grids. It makes the simulation of the high-speed train quadrupole aerodynamic noise quite difficult and no published literature has successfully predicted the high-speed train quadrupole aerodynamic noise.
The K-FWH equation method can establish the sound source integration surface in the vicinity of high-speed trains [23] . The radiated noise from the penetrable integral surface includes the dipole noise on the body surface and the quadrupole noise in the space area between the body and the penetrable integral surface. The method is widely used in the aerodynamic noise simulation of the helicopter propeller [24] - [26] , the aircraft wing [27] , [28] and the jet flow [29] - [31] . Because the process of sound waves propagation in space cannot be simulated based on incompressible gas method, the coupling effect between the flow field and the sound field cannot be simulated. As a result, the K-FWH equation method and the three-dimensional compressible Large Eddy Simulation (LES) method are adopted in this manuscript for the aerodynamic noise accuracy simulation of 600km/h high-speed train. The influence of penetrable integral surfaces at different positions on the simulation results of far-field aerodynamic noise is discussed and the reasonable position/combination form of the penetrable integral surface are determined. The quadrupole noise problem of 600km/h high-speed train is analyzed and a series of corresponding conclusions are obtained. The method proposed in this manuscript is of great significance in the aerodynamic noise numerical simulation of 600km/h high-speed train.
II. MATHEMATICAL-PHYSICAL MODEL A. LARGE EDDY SIMULATION METHOD
The LES method has a good ability of capturing eddy and flow field fluctuation, which is suitable for the refined flow field simulation. The method is adopted in this manuscript and the detailed information about the method can be found in reference [32] - [35] .
B. K-FWH EQUATION
Based on the traditional FW-H equation [22] , Francescantonio [23] derives the K-FWH equation with a wider application range by using the basic idea of Kirchhoff method [36] :
where p sound is the sound pressure, t is the time, p ij is the fluid stress tensor, ρ is the fluid density, c is the sound velocity, u is the airflow velocity, v is the moving velocity of sound source, δ(f ) and H (f ) represent Dirac trigonometric function and Heaviside function, respectively. The subscripts i and j are minor scales. The subscripts n is the surface direction vector. The subscripts 0 represents the far filed. It represents sound source plane when f = 0. The Tij = ρuiuj + p − c0 2 (ρ − ρ0) δ i j − τ i j represents Lighthill stress tensor. The far-field solution of K-FWH differential equations can be obtained by using free space Green's function and generalized function theory [37] , [38] . The quadrupole noise model is shown below:
where M represents the Mach number vector of the body source in the solid surface reference system. The '' '' and '' '' represent the 1st and 2nd order time derivative, respectively. The ''ret'' represents delay time item. T rr = T ijrirj represents two shrinkage of Lighthill stress tensor. The r represents the unit radiation radial vector. The dipole noise model is shown below:
The monopole noise model is shown below:
When the sound source surface is a solid surface in the flow field, the p sound,L ( − → x , t) and p sound,T ( − → x , t) are both the surface integral on the solid surface, and represents the noise radiated by the dipole noise source and the monopole noise source, respectively. The p sound,Q ( − → x , t) is the volume integral of the whole computational domain, and represents the noise radiated by the quadrupole aerodynamic noise source. When the sound source surface is a penetrable integration surface that deviates from the solid surface, the p sound,L ( − → x , t) and p sound,T ( − → x , t) are the surface integral on a permeable integral surface and their sum represents the total noise radiated by the solid surface monopole noise source, the solid surface dipole noise source and the quadrupole aerodynamic noise source between the solid surface and the integrable surfaces. The p sound,Q ( − → x , t) is the volume integral of the calculation domain outside the penetrable integration surface.
III. NUMERICAL SIMULATION MODEL
The geometric model shown in Fig. 1 is a high-speed train with three cars, with bogies and without pantographs at a Fig. 2 shows the calculational domain, which is 760m, 60m and 40m at x, y and z direction, respectively. Because the Reynolds number of the calculation model is 5.5×10 6 and the Reynolds number is located in the second self-model area of the train, it shows that the flow field of the scaled model in this study is similar to that of the full-scale model. Thus, the scaled model can be used in this study.
The surface ABCD is set as pressure far field boundary. The surface EFGH is set as pressure outlet boundary. The both sides and top surface are set as symmetric boundary. The surface of the train model is set as a non-slip boundary condition with a velocity of 0. The ground is set as a sliding boundary condition with the inflow velocity. The air is set as ideal gas and the viscosity is calculated based on the Sutherland formula [39] .
The computational mesh in this study is developed from the basis of the grid of the reference [32] , so that it can match the aerodynamic noise simulation requirements of 600km/h high-speed train. The computational mesh is shown in Fig. 3 and the total number of the body meshes is about 260 million.
Appropriate boundary layer grid distribution and spatial grid distribution are two basic requirements for grid distribution in high precision LES. Boundary layer mesh distribution strategy in reference [32] is adopted for grid generation in this manuscript and the Y-plus distribution is shown in Fig. 4 . The ratio of mesh scale to local integral scale (l /l t ) is selected as spatial mesh distribution parameters and the distribution is shown in Fig. 5 .
It can be observed from Fig. 4 and Fig. 5 that, the Y-plus of the train body surface and the l /l t of the most spatial mesh are less than 1. As a result, the mesh in this manuscript can meet the requirements of accurate calculation of large eddy model.
The numerical simulations of 600km/h high-speed train are conducted using ANSYS Fluent, which is a finite volume method based solver. For steady flow field calculation, explicit pressure basis solution method and the SST k-ω turbulence model are selected. The common simple algorithm is selected for the coupling of pressure and velocity. The standard discretization scheme is selected for the pressure terms in the governing equations. The convection term is discretized using Second Order Up Wind scheme. The steady flow field selected as the basis flow field and the LES method is selected for unsteady flow field calculation. The Smagorinsky model is selected for the Subgrid model. The couple algorithm is selected for the coupling of pressure and velocity. The calculation time step is set as 5e-5s and 35 steps are iterated in each time step. The total number of the calculation time step is 10000. The numerical simulation method in this manuscript has been verified in reference [32] .
IV. SELECTION OF PENETRABLE INTEGRAL SURFACE
Theoretically, penetrable integral surface of the K-FWH equation can be established anywhere in the computational domain [40] . The acoustic radiation calculation results of penetrable integral surfaces located in the different regions or different shapes in engineering practical applications are quite different [41] , [42] . As a result, the selection of penetrable integral surface is one of the keys to the refined aerodynamic noise simulation of 600km/h high-speed train.
Considering that the high-speed train head/tail car has a streamlined shape, the cross-sectional shape of the boundary layer exhibits the characteristics of ''upper narrow and lower wide'', the thickness of the boundary layer is thicker toward the downstream, the width of the disturbance zone is wider toward the downstream, the length of the wake of the highspeed train is larger than that of the upstream zone, and the mesh amount is reduced. The shape of the penetrating integral face is composed of three prisms, as shown in Fig. 6 . The part I includes the streamlined part of the head car and the appropriate upstream area. The part II includes all three cars without the streamlined parts of the head and tail car. The part III includes the streamlined part of the tail car and the appropriate downstream area. The cross-sectional shape of the three prisms is characterized by ''upper narrow and lower wide'', and the width value and height value from the top of the train are larger downstream; the top of the first and third prisms are close to the streamline position of the head/tail car, respectively,and the length of the downstream area of the envelope of the third prism is longer than that of the upstream area of the envelope of the third prism. The definitions of the penetrable integral surfaces are shown in Fig. 6 .
In order to study the influence of the penetrable integral surface distribution on the simulation results of 600km/h aerodynamic noise, five nested penetrable integral surfaces are established. The five surfaces from the inside to the outside are named as the surface 1 to surface 5. The definitions of the penetrable integral surface dimensions are shown in Fig. 7 . The shapes of the surfaces are similar and the dimensions of each surface are listed in Table 1 ., Seven combination cases of the penetrable integral surface are investigated to study the influence of the penetrable integral surface. The combination form of each case is shown in Table 2 .
For investigating the radiated noise of trains, 16 measurement points are set every 5m along the train length direction, which is 25 meters from the track axis and 3.5 meters from the ground. The dimensional drawing of the measurement points distribution is shown in Fig. 8 . In order to consider the ground reflection, according to the principle of mirror reflection, 16 measurement points symmetrical to the above 16 points are arranged. Symmetrical surface is the ground. The calculation process of radiated noise can be seen in reference [1] .
In order to clarify the influence of the position of the penetrable integral surface on the aerodynamic noise results of high-speed trains in the far field, the A-weighted sound pressure levels of the case 1 of the penetrable integral surface 1-5 are calculated by K-FWH equation at 16 measurement points. The ground reflection problem is considered by using the mirror imaging principle and the results are shown in Fig. 9 . The noise called ''train'' is produced by the dipole sources distributed on the train surface. These results are also simulated, and have been published in my doctoral dissertation.
As can be seen from Fig. 9 , the calculation results of the five penetrable integral surfaces are different, which is consistent with other conclusions [41] , [42] . At the measurement point 1-8, the average values of the A-weighted sound pressure level of the penetrable integral surface 1-5 are about 4.0dB(A), 2.3dB(A), 1.2dB(A), 1.3dB(A) and −1.5dB(A) larger than that of high-speed train, respectively. At the measurement point 9-16, the differences are 7.9 dB(A), 7.5 dB(A), 1.3 dB(A), 1.0 dB(A) and −0.3 dB (A), respectively.
In order to further quantify the difference of the calculation results of each penetration integral surface, the percentage of the calculation results of each integral surface (case 1) relative to the calculation results of the train is counted. The results are shown in Fig. 10 . The calculation results are the total equivalent sound power of 16 measurement points.
It can be seen from Fig. 10 that the total equivalent sound power radiated by the penetrable integral surface 1-5 at 16 measurement points is 3.80 times, 3.17 times, 1.35 times, 1.36 times and 0.79 times of that of the train, respectively. It shows that when the penetrable integral surface is extrapolated from the surface 1 to the surface 3 and the surface 4 to the surface 5, the total equivalent sound power decreases gradually. When the penetrable integral surface is extrapolated from the surface 3 to the surface 4, the total equivalent sound power does not change much. Fig. 9 and Fig. 10 are due to explain the reason for the variation of the curves. Fig. 11 showes the vorticity magnitude nephogram on five penetrable integral surfaces. As can be seen from the figure, the vorticity magnitude distributions on the upstream and downstream surfaces of the surface 1 and surface 2 are significant. That of the surface 3 is slightly significant and that of the surface 4 and surface 5 are insignificant. It is generally believed that:
1) The fluctuation intensity of the flow field in the region with significant vorticity is obvious, the non-linear effect in the region is obvious. For the penetrable integral surface in this paper, the surface 1 and surface 2 do not contain enough information of sound sources, and there may be significant non-linear effects on the upstream and downstream surfaces of the penetrable integral surface, which makes the K-FWH equation produce pseudo-sound when integrating. 2) The surface may lose part of the vocal region if the penetrable integral surface is too small, which makes the radiated noise results deviate from the correct results.
3) The mesh size of the inner region of the enclosure should be less than 1/6 of the wavelength of the main acoustic wave. In practical applications, it may fail to meet the requirement, resulting in significant numerical dissipation, which makes the result of radiated noise smaller.
Combining with Fig. 10 , it can be seen that the equivalent sound power of penetrable integral surface 1 and 2 at 16 measurement points are much larger than that of other surfaces, because the A-weighted sound pressure level radiated by the penetrable integral surface 1 and 2 at downstream measurement points is obviously larger than that radiated by other penetrable integral surfaces. As a result, ,there may be significant pseudo-sounds generated by the penetrable integral surface 1 and 2 at the downstream measurement points, in which the pseudo-sounds generated by the surface 1 are larger than the surface 2. The pseudo-sounds dominate the total radiation of the penetrable integral surface, while the penetrable integral surface 3-5 do not produce significant pseudo-sounds. This is also the reason why the total equivalent sound power of 16 measurement points decreases gradually when the penetrable integral surface is extrapolated from the surface 1 to the surface 3. The gradual transition from 12.5 mm to 75 mm in the space grid scale from the car body to the surface 5. The grid is equivalent to a filter. If the grid scale is too large, the high-frequency sound will be filtered out. As a result, the reason that the total equivalent sound power decreases when the penetrable integral surface is extrapolated from the surface 4 to the surface 5 may be that the large mesh size brings about significant filtering effect.
The maximum sound pressure level of aerodynamic noise radiated from train surface is 97.6 dB(A) at 350 km/h, and the result is dipole aerodynamic noise. The aerodynamic noise of the monopole, dipole and quadrupole is directly proportional to the fourth, sixth and eighth power of the incoming velocity, respectively. In this manuscript, the aerodynamic noise of monopole is not considered in the simulation. The results of the penetrable integration surface radiation only include the dipole and quadrupole noise. As a result, the maximum sound pressure level range of the penetrable integral surface radiation at 600 km/h can be estimated by formula (8) According to practical experience and the characteristics of flow field structure distribution of high-speed trains, it is predicted that the quadrupole noise of high-speed trains mainly distributes in the wake region. The sound pressure level of the aerodynamic noise radiated from the penetrable integral surface at the measurement point of the wake region should be significantly higher than that radiated from the train. As a result, it is believed that the results of the aerodynamic noise radiated from penetrable integral surface 3 are reasonable, while that radiated from other surfaces have some defects.
The noise at 16 measurement points under cases in Table 2 of penetrable integral surface 3 is analyzed in order to determine the optimum combination form. Fig. 12 shows the A-weighted sound pressure levels of difference cases of the penetrable integral surface 3.
Case 1 contains more parts named 'inlet' and 'outlet' than case 2 for the penetrable integral surface 3, while the A-weighted sound pressure levels at 16 measurement points of the two cases are almost the same. It can be concluded that the acoustic energy radiated by both ends of the penetrable integral surface is almost neglected compared with other parts. This phenomenon also occurs in the comparison results of the A-weighted sound pressure levels of case 3 and 4 of the surface 3.
Comparing with case 1 of the surface 3, case 3 is that the upper 2 and side 2 are replaced by all the train parts between streamlined shoulder of head and tail car. The difference between their sound pressure levels at the measurement point of #1 to #7, #10 to #16 are not more than 0.3 dB (A). Their radiant aerodynamic noise pressure levels at the #8 to #9 measurement points differ by 0.7 dB(A) and 0.9 dB(A), respectively. It shows that the distribution curve of A-weighted sound pressure level predicted by case 1 and case 3 is quite consistent. Compared with case 1, case 3 only needs to refine the grid from the streamline part of the head and tail car to the space area of the penetrable integral surface, which will greatly reduce the grid amount. As a result, the combination form of case 3 has more advantages. This phenomenon also occurs in the comparison results of the A-weighted sound pressure levels of case 2 and 4 of the surface 3.
Comparing with case 1 of the surface 3, case 5, case 6 and case7 less contains the upper/side 7, upper/side 6-7 and upper/side 5-7, respectively. The sound pressure level radiated by them at all measurement points is less than that of case 2, especially the measurement point near the tail car. The sound pressure level in case 6 and case 7 at the measurement point near the tail car is about 2.5 dB(A) lower than that in case 2. That in case 5 is about 0.6 dB(A) lower than in case 2. This is mainly due to the short length of the wake region contained in case 6 and case 7 and the loss of a part of the vocal region. The distance from the exit of case 5 to the tip of the tail car is about 12 times the height of the train. Therefore, the length of the penetrable integral surface length in the wake area should be larger than 12 times the vehicle height.
As a result, according to the calculation efficiency and prediction accuracy, the best combination form is case 3 or case 4 through the penetrable integral surface 3. The recommended penetrable integral surface length in the wake area should be larger than 12 times the vehicle height.
V. COMPONENT ANALYSIS OF RADIATED NOISE
Equivalent radiation acoustic energy density I is defined as: The SPL represents the sound pressure level of aerodynamic noise.
Equivalent radiation acoustic energy density of train and penetrable integral surface (the surface 3 of case 3) at these measurement points is calculated by equation (6) . The dipole and quadrupole noise are calculated by equation (7). The percentage of aerodynamic noise energy of dipole and quadrupole noise at these measurement points is calculated by equation (8) and (9), respectively. The results are plotted in Fig.13 .
where the subscript i denotes the number of the measurement point, I i,d represents dipole source energy at the i-th measuring point, I i,q represents quadrupole source energy at the i-th measuring point, I i,train is the sound energy calculated by the train source at the i-th measuring point, I i,penetrable suface is the sound energy calculated by the penetrable integral surface at the i-th measuring point. It can be seen from Fig. 13 , the contribution rate of the dipole and quadrupole aerodynamic noise energy of highspeed train is inconsistent at different measurement points when the incoming velocity is 600 km/h. The contribution rates of the quadrupole aerodynamic noise energy at measurement point 1-15 are in the range of [10%, 40%]. As a result, the dipole aerodynamic noise energy is the main form of aerodynamic noise energy, but the contribution rate of the quadrupole aerodynamic noise energy can not be ignored. At the measurement point 16, the percentage of the dipole and quadrupole aerodynamic noise energy to the total energy is 42.9% and 57.1% respectively. As a result, the aerodynamic noise energy of the dipole and quadrupole noise at the measurement point 16 are both the main form of aerodynamic noise energy. In order to discuss the spectrum characteristics of the aerodynamic noise radiated by the trains and penetrable integral surfaces, the spectrum curves of their equivalent acoustic energy density (A-weighted, 1/3 octave frequency range) at 600 km/h at several measurement points are shown in Fig. 14 . The analysis frequency range is [25 10k ] Hz.
According to Fig. 14 , when the inflow velocity is 600 km/h, the coincidence degree of the two spectrum curves is not the same. On the whole, the coincidence degree of the two spectrum curves is poor at the downstream measuring points. In the low frequency range, the spectrum curve of the aerodynamic noise integrated by the train lies above that by the penetrable integral surface, while in high frequency range it is exactly the opposite. This phenomenon also reflects the problem of the high-frequency filtering effect of grids.
According to the spectrum curve at the measuring point 1 shown in Fig. 14 a) , in the frequency range below 630 Hz, the result integrated by the train is slightly smaller than that by the penetrable surface, while it is opposite in the frequency range above 630 Hz. The maximum difference between them is less than 1.5%, and they have the same peak frequency of 630 Hz. It shows that the dipole noise energy dominates the total aerodynamic noise energy in the whole frequency range at the measurement point 1.
According to the spectrum curve at the measuring point 16 shown in Fig. 14 f) , the main frequency distribution range of the aerodynamic noise integrated by the train is obviously biased to the high frequency relative to the penetrable surface. The peak frequency of the aerodynamic noise integrated by the train is 1000 Hz, but that by the penetrable surface is 315 Hz. It indicates that the quadrupole aerodynamic noise energy can significantly change the spectral characteristics of the aerodynamic noise and the main frequency distribution range is biased toward the low frequency relative to the dipole noise energy at the measuring point 16,.
As a result, when the incoming velocity is 600 km/h, the contribution rate of the dipole and quadrupole to the total aerodynamic noise energy of high-speed train is different at different positions. The aerodynamic noise energy of the upstream measurement points is mainly dipole aerodynamic noise energy, while that of the downstream measurement points is mainly dipole and quadrupole noise energy. The influence of quadrupole aerodynamic noise on the total aerodynamic noise spectrum is also different. The influence of quadrupole aerodynamic noise at the upstream measurement points on the total aerodynamic noise spectrum is negligible, while at the downstream the quadrupole aerodynamic noise can significantly change the total aerodynamic noise spectrum. The main frequency distribution of quadrupole noise energy tends to be low frequency.
VI. CONCLUSION
The K-FWH equation method and the LES method are adopted in this manuscript for the aerodynamic noise accuracy simulation of 600km/h high-speed train. The influence of different distributions of penetrable integral surfaces on the results of far-field aerodynamic noise is discussed. The optimum combination form of penetrable integral surfaces is obtained. The aerodynamic noise component of the measuring points is analyzed. The following conclusions are obtained.
1) The surfaces of Case 3 for Surface 3 as the sound source surface can efficiently and accurately calculate the aerodynamic noise of high-speed train considering quadrupole noise. The wake penetration integral surface should contain the main vorticity structure of wake as far as possible, and the surface vorticity amplitude should be insignificant, taking into account the spatial grid distribution between the vehicle body and the integral surface.
2) The aerodynamic noise energy of the upstream measurement points is mainly dipole aerodynamic noise energy, while that of the downstream measurement points is mainly dipole and quadrupole noise energy.
3) The influence of quadrupole aerodynamic noise at the upstream measurement points on the total aerodynamic noise spectrum is negligible, while at the downstream the quadrupole aerodynamic noise can significantly change the total aerodynamic noise spectrum. 4) The main frequency distribution of quadrupole noise energy tends to be low frequency compared with dipole noise energy. 
